Original scientific paper The present work aims at obtaining parametric combination to achieve the best surface finish and assess effects of selected process parameters on a laser cut quality for laser cutting. This helps to study the variation in response parameter (Ra value) for various levels of selected process parameters. In the present work mild steel specimen is used and the effect of the key parameters such as laser pulse frequency (pulse repetition rate), laser pulse width and cutting speed on surface finish are critically analysed. For experimental design and parametric analysis robust design is used i.e. a fractional factorial experimental design with an appropriate orthogonal array followed by variance and sound to noise ratio analysis.
Introduction
Unconventional technologies [1] such as Electrical discharge machining (EDM) [2, 3] , Water Jet machining [4 ÷ 6] ; plasma machining [7, 8] and laser machining [9] are one of the most extensively used non-conventional material removal processes. Laser is used to cut a wide range of materials. It is suitable for cutting thin workpieces. CO 2 laser and Nd:YAG laser are the most popular lasers in cutting, they can provide high peak powers (above 1 kW) for high-speed cutting. Laser cutting can be basically divided into two kinds [10, 11] . First is the direct evaporative laser cutting, in which laser provides the latent heat until the material reaches vaporization point and ablate in vapour state, such as laser cutting of organic materials -paper, cloth or polymers. Such materials have poor thermal conductivity; a non-reactive gas jet may be used to reduce charring. The second is laser cutting through melting or fusion, laser energy melts the target material and the assist gas jet blows the molten material away [10] . In this way the requirement of laser energy is lower compared with vaporization cutting [11] . The assist gas jet can be reactive or non-reactive. If the assist gas jet is reactive, laser heat combined with exothermic chemical reaction with the assisting gas provides the heat necessary for melting & vaporization of the target material. This is called reactive laser cutting. This helps to further reduction of the necessary laser energy. Although good number of fundamental research has been done in the area of laser cutting technology [12÷15] still further research is required to determine the combine effects of the process parameters for achieving high quality surface finish and dimensional accuracy. This will also help to develop knowledge based system and effective utilization of the process parameters for the desired results. Present work focuses on obtaining parametric combination to achieve the best surface finish and assess effects of various process parameters. Experiments were conducted on a Mild Steel specimen of thickness 0,65 mm by changing the process parameters (pulse frequency, pulse repetition rate and cutting speed) on a laser cut quality with pulsed beam Nd:YAG laser and the Ra value (response parameter) was observed. For this fractional factorial design (orthogonal array) was employed as a scientific approach for planning experiment followed by variance and signal to noise ratio analysis.
Taguchi method
The concept of Robust Engineering is based on the principles of Taguchi Methods used in many works dealing with (un)conventional technologies for prediction of output surface profile parameters [16÷26]. Genichi Taguchi [29] derived these principles after several years of research. The concept evolved systematically in 1950's. These principles are aimed at providing the companies a cost effective methodology to enhance their competitive position in the global market. Among the various approaches used the most frequently used approach to design a test is a full factorial experiment [17] . However, for full factorial experiments, there are n f possible combination that must be tested where n is the levels and f is the number of factors. Therefore, it is very time-consuming when there are many factors at many levels [26÷28]. Taguchi methods were developed in Japan by Genichi Taguchi to improve the implementation of total quality control in Japan [29] . They are based on the design of experiments to provide near optimal quality characteristics for a specific objective. The real power of Taguchi methods comes from their simplicity of implementation. The goal is not just to optimize an arbitrary objective function, but also to reduce the sensitivity of engineering designs to uncontrollable factors or noise [16, 23, 24] . Taguchi methods are also called robust design in the USA. In the traditional experimentation strategy, one supposes that the factors, on which we act, are perfectly controlled and that their values remain constant throughout the experiment. The factors not included in the study are supposed not to vary. This concept is however too theoretical because one is never certain that these factors will remain constant indeed. To avoid the bias caused by these uncontrollable factors, the traditional experimental strategy consists of making the experiments in a random order. The effects of uncontrollable factors are then included in the experimental results dispersion. Thus one often seeks to eliminate all the possible variation sources, which is unfortunately often impossible in practice. Taguchi, on the other hand, considers that rather than to eliminate the causes from the variations, it is preferable to analyse them and to find experimental conditions for which these causes have a minimum effect. Thus, instead of seeking to eliminate the causes of variations (called noises by Taguchi) , he proposes to minimize their influence. The factors are divided into two categories: the factors relating to the system on which one can easily act (called controllable factors) and the factors (called noise factors) whose possible variations are not (or with difficulty) controllable and can generate a degradation of the system characteristics. The major steps of implementing the Taguchi method are:
(1) to identify the factors/interactions, (2) to identify the levels of each factor, (3) to select an appropriate orthogonal array (OA), (4) to assign the factors/interactions to columns of the OA, (5) to conduct the experiments, and (6) to analyse the data and determine the optimal levels. This work uses L9, three-level matrix for an initial experiment, where the numbers 0, 1 and 2 stand for the levels of the factors. In data analysis, signal-to-noise (S/N) ratios are used to allow the control of the response as well as to reduce the variability about the response. The use of ANOVA (analysis of variance) is to calculate the statistical confidence associated with the conclusions drawn.
Experimental conditions of experiment
A CNC controlled SI Laser SLP200 Nd: YAG laser with three-axis control ( Fig. 1) was used for cutting. The machine basically consists of a laser resonator and beam delivery unit, power supply unit, cooling unit and CNC controller for X, Y and Z-axis movement. The specifications of the machine are given in Tab. 1. The material used for laser cutting was mild steel (carbon 0,1÷ 0,25 %) of thickness 0,65 mm with the assisting gas as Oxygen at a pressure of 3,5 kgf/cm 2 (to nozzle) For measuring the surface roughness of samples of thickness b = 0,65 mm a mounting fixture was developed consisting of five slots for holding the samples cut by the laser process. (Fig. 2) . The surface roughness (Ra) measurements of the work pieces was done using TaylorHobson Surtronic machine provided by Taylor-Hobson. The measuring range of the instrument varies from the 0,01 to 150 µm with an accuracy of 2 %. 
The results measured during the experiment
The basic objective of the experimentation was to obtain parametric combination to achieve the best surface finish (Ra value) and assess effects of various process parameters on Ra value. Therefore laser pulse width, pulse repetition rate and cutting speed were taken as the key parameters identified to be the most influencing in controlling the response parameter (Ra value). The experiments were carried out in two stages. Initially, different parameters were varied individually keeping others at a value which yields better results. Accordingly a continuous range of each parameter was established which resulted in best values of selected quality parameter Ra value (response parameter in Taguchi robust design terminology). Keeping these ranges of various processes parameters (control factors/parameters in Taguchi robust design terminology); the parameters were varied individually so as to attain information regarding the particular parameter. For all the experiments all other process parameters including the gas pressure and nozzle height were kept constant. The range of pulse width for best cutting is from 2 to 25 ms; for pulse repetition rate it is from 20 Hz to 30 and cutting speed ranges from 1 to 3 mm/s for the sheet thickness 0,65 mm. The surface roughness measurements of the work pieces were done using Taylor-Hobson Surtronic machine. The range of above-mentioned control parameters was divided into three levels, each as shown in Tab of varying one factor at a time. Robust design is an engineering methodology for optimizing the product and process conditions which are minimally sensitive to the various causes of variation and which produce highquality products with low development and manufacturing costs. Taguchi's parameter design is an important tool for robust design. Taguchi's tolerance design can also be classified as a robust design. In a narrow sense robust design is identical to parameter design, but in a wider sense parameter design is a subset of robust design. This work tries to obtain the best parametric combination for quality surface finish (Ra value) with two Robust Design tools like S/N ratio analysis and orthogonal array and subsequent variance analysis. Experiments resulting from the orthogonal array (Tab. 3) were carried out with all other process parameters kept unchanged. 
S/N ratio analysis
For the less good problem as this one (1):
The S/N analysis of the orthogonal array (Tabs. 3, 4) has indicated the optimum combination is A0B0C2 that is cutting speed v = 1 mm/s, pulse width 1,5 ms, pulse frequency or repetition rate 20 Hz which was not among the tested conditions & was carried out later. It resulted in Ra = 100 µm, which is the best of the tested conditions hence; it confirms the prediction of S/N analysis. The values (Tab. 4) indicate the variation over mean value of S/N ratio (−43,91457). The variance analysis (Tabs. 5, 6) indicates that the optimum parametric combination is A0B0C2 that is the same as indicated by the S/N analysis and has been confirmed experimentally. The analysis indicates that the cutting speed and pulse frequency are the most influential factors and contribute 45,85 % & 40,47 % respectively (Tab. 7), (Fig. 3) . 
Conclusion
Laser machining process is one of the most important non-traditional machining processes that has an ability to cut a wide range of materials ranging from mild steel (MS) to ceramics & diamond with great precision. The process of Laser Cutting is controlled by three parameters laser pulse frequency (pulse repetition rate), laser pulse width and cutting speed. These factors have their particular effect as well as combined effect on the surface finish obtained. Earlier works have made it clear that apart from the effects of these three parameters alone, it is only laser pulse width and cutting speed which have a combined effect. To the best of our knowledge there has been no work in the direction of determining the amount of effect by these parameters.
The S/N analysis and the variance analysis (Tabs. 4, 5, 6) make it clear that the cutting speed & pulse repetition rate are the most influencing factors in controlling surface roughness and the optimum parametric combination of selected parameters (control factors) for the given experiment is cutting speed 1 mm/s, pulse repetition rate 20 Hz, pulse width 1,5 ms. The interaction between the three selected control factors is nonsynergetic. Surface finish deteriorates with increase in the value of cutting speed from 1mm/sec to 3 mm/s. Surface finish (Ra value) improves as pulse frequency is increased from 10 to 15 Hz but remains stable when pulse frequency is further increased.
